We investigate the effect of co-implanting a silicon sublayer on the thermal diffusion of germanium ions implanted into SiO 2 and the growth of Ge nanocrystals (Ge-ncs). High-resolution imaging obtained by transmission electron microscopy and energy dispersive spectroscopy measurements supported by Monte-Carlo calculations shows that the Si-enriched region acts as a diffusion barrier for Ge atoms. This barrier prevents Ge outgassing during thermal annealing at 1100 C. Both the localization and the reduced size of Ge-ncs formed within the sample region co-implanted with Si are observed, as well as the nucleation of mixed Ge/Si nanocrystals containing structural point defects and stacking faults. Although it was found that the Si co-implantation affects the crystallinity of the formed Ge-ncs, this technique can be implemented to produce size-selective and depthordered nanostructured systems by controlling the spatial distribution of diffusing Ge. We illustrate this feature for Ge-ncs embedded within a single SiO 2 monolayer, whose diameters were gradually increased from 1 nm to 5 nm over a depth of 100 nm. Published by AIP Publishing.
I. INTRODUCTION
The visible (1.12 eV) and near-infrared (0.66 eV) optical bandgaps of silicon and germanium make these elements attractive for applications in photovoltaics (PV).
1,2 When Si and Ge nanocrystals (Si-ncs and Ge-ncs) are synthesized inside a silicon dioxide layer, the range of their optical absorption can be extended over the sun's whole emission spectrum, and multiple exciton generation (MEG) can greatly reduce energy losses. [3] [4] [5] This light-to-current conversion efficiency of Ge-nc and Si-nc strongly depends on the geometrical dimensions and the crystallinity of the formed nanoparticles, as well as their depth distribution inside the active layer of the PV cell. 6 To optimize both light absorption and photocurrent extraction, stacked nanoparticles arranged inside a single monolayer have been suggested. 7 Nevertheless, the design of such an architecture is very challenging for group IV nanostructured systems, notably because Si-ncs and Ge-ncs form at temperatures higher than 800 C, 8, 9 for which strong thermal diffusion effects can be activated. 10, 11 In particular, the arrangement of Si-ncs and Ge-ncs inside thin SiO 2 films requires the development of efficient methods that enable us to control the atom diffusion mechanisms at the nanoscale and permit the growth of nanoparticles in predetermined locations. In Ge-based fused silica glass heated to temperatures higher than 900 C, it was established that a reduction of Ge thermal diffusion is also essential to prevent Ge outgassing. [13] [14] [15] This effect was found to be responsible for critical Ge desorption, leading to the formation of large nanoscale cavities and the disappearance of Ge-ncs. [12] [13] [14] [15] [16] [17] [18] [19] Our recent investigations of mixed Ge/Si and Si-enriched systems prepared by ion implantation have shown the occurrence of a trapping mechanism of diffusing Ge atoms by Si excess atoms and/or Si dangling bonds, which can strongly reduce Ge mobility during thermal annealing. [15] [16] [17] [18] The methods we have implemented consist of Ge ion implantation performed into unsaturated SiO 2 targets or conducted after coimplantation of Si ions into fused silica films. Both techniques offer a better monitoring of the Ge-nc nucleation process, with the possibility to produce Ge-ncs of specific sizes in predetermined sample regions. 15 However, the presence of Si excess atoms in the sample regions where these Ge-ncs have growth and/or agglomerated raises some central questions regarding their chemical composition and their crystallinity. The presence of Si impurities inside the formed Ge-ncs is strongly suspected, due to the poor mobility of Si ions compared to that of Ge, 10 as well as the high rate of chemical Ge-Si bond formation in Si-enriched systems implanted with Ge. 15, 16 The objective of our present work is threefold: (i) demonstrating that a SiO 2 sublayer co-implanted with Si can act as a diffusion barrier for Ge, (ii) characterizing the geometry and crystallinity of the formed Ge and Ge/Si aggregates, and (iii) showing how Si co-implantation can be used to design size-selected dispersed Ge nanoparticles inside a submicrometric SiO 2 monolayer. To this end, we conducted a comparative analysis between one SiO 2 /Si sample implanted with Ge þ ions and co-implanted with Si þ ions (labelled the "Ge/Si sample") and one sample only implanted with Ge ("Ge sample"). Our experimental investigations include observations by transmission electron microscopy (TEM) and energy dispersive spectroscopy (EDS) supported by Monte-Carlo calculations, as well as complementary a)
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Published by AIP Publishing. 123, 161540-1 measurements by Raman and Rutherford Backscattering Spectroscopy (RBS). In addition to evidence the blocking of Ge by the co-implanted Si sublayer, we characterized the effects of such a diffusion barrier on both the size and the nature of the formed nanoclusters.
II. EXPERIMENT
Silicon dioxide layers ($200 nm thickness) were thermally grown on (100) silicon wafers by dry oxidation, performed at 1100 C under 4.3 grade oxygen flux. 74 Ge þ ions were implanted into SiO 2 /Si samples at an ion energy of 160 keV and a fluency of 1. 20 the projected ranges of normal incident 160 keV Ge þ ions and 35 keV Si þ ions into a SiO 2 target are found to be 90 nm and 50 nm, with maximum penetration depths of 200 nm and 120 nm, respectively. These values account for surface erosion and volume expansion effects, which can be estimated from the ion sputtering yield (given by SRIM) and the amount of ions introduced into the target. [13] [14] [15] [16] [17] [18] After implantation, all studied specimens were annealed inside a quartz tube furnace heated at 1100 C for 1 h in an ultra-high purity N 2 atmosphere. The doses of implanted 74 Ge þ and
30
Siþ were verified by RBS at LARN using a 2 MeV He þ beam. All the studied samples were prepared for TEM imaging along their cross-sectional direction, using conventional techniques of mechanical polishing and ion thinning carried out with a Gatan model 691 precision ion polishing system. Bright-field (BF) imaging and high-resolution TEM and EDS measurements were conducted on a JEOL JEM2100F microscope, with an electron beam voltage of 200 kV. Backscattering micro-Raman measurements were performed with the 514 nm laser excitation, using a confocal Renishaw RM 3000 spectrometer equipped with a digital camera and a Â50 objective lens of 0.75 numerical aperture. According to the depth-profiles of implanted Si [drawn in red on Fig. 1(c) ] and the one of implanted Ge (black line), calculated using SRIM-TRIM simulations: 14, 15, 20 zone A refers to a sample region where the concentration of implanted Si is higher than the concentration of implanted Ge; zone B to a region where both concentrations of implanted Si and Ge are roughly equivalent; and zone C to a region where the concentration of implanted Si is lower than the concentration of implanted Ge. After integrating the 30 Si depth-profile over regions A and B and comparing its value calculated over the whole SiO 2 layer, we find that about 80% of the co-implanted Si is located in the first 80 nm of the Ge/Si sample. On the other hand, the surface density of Ge measured in the Ge sample after annealing is 1.44 Â 10 17 at. /cm 2 , which corresponds to 96% of the Ge dose nominally introduced by ion implantation into the target.
The EDS line scans of the Ge content measured along the two directions indicated by vertical arrows in Figs. 1(a) and 1(b) are superimposed on the SRIM-TRIM Si and Ge depth-distributions in Fig. 1(c) . Close to the surface of the Ge/Si sample, an accumulation of Ge is clearly detected in the region containing co-implanted Si, whereas a significant decrease in the Ge concentration is reported in the Ge sample, due to Ge desorption effects. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These two features are supported by Figs. 1(a) and 1(b) , showing the presence of small dark nanograins within the first 25 nm of the Ge/Si sample and the absence of such nanoscale objects in the pure Ge sample. Since the Ge atoms detected in the vicinity of the Ge/Si sample's surface are located closer than the Ge ions introduced into the SiO 2 layer, they can be associated with implanted Ge ions that have diffused towards the top of the sample. In Fig. 1(c) , we observe that after thermal treatment, their depth-distribution is centered with respect to the depthprofile of the co-implanted Si. As the motion of implanted Si during annealing can be neglected with respect to that of Ge, 10 Ge retained within the first eighty nanometers of the Ge/Si sample mainly originates from Ge diffusing atoms that have been blocked by the co-implanted Si ions, in agreement with the Ge-Si trapping mechanism evoked in Refs. 15 and 16. As indicated by complementary RBS analyses conducted on SiO 2 thin films of 300 nm thickness, thermally grown by wet oxidation and implanted with Ge of 230 keV, Ge ions may also diffuse towards the SiO 2 /Si interface during thermal annealing (see an example of Ge in-depth diffusion in Fig. 4 ). This effect has already been reported by Markwitz et al. in wet SiO 2 films, 11 but it is not clearly evidenced in the Ge sample [ Fig. 1(c) ], where the shape of the Ge depthprofile measured by EDS is closer to the Ge concentration distributions reported by Minke. 10 The smaller diffusion lengths of Ge observed in our samples are due most likely to the presence of a greater concentration of Si dangling bonds in the silicon oxide matrix, as previously measured by X-ray photoelectron spectroscopy in dry oxide films prepared in our laboratory. 18 Nevertheless, we anticipate that the blocking of diffusing Ge by co-implanted Si should also reduce the in-depth diffusion of Ge in the Ge/Si sample (as evidenced in wet SiO 2 films where Si has been co-implanted on both sides of the Ge distribution, inset of Fig. 4 ). This could explain why the Ge concentration measured by EDS in region C (blue line) appears to be slightly smaller than that measured in the Ge sample (green line) in Fig. 1(c) .
The formation of Ge-Si chemical bonds resulting from Ge-Si trapping is also evidenced in Fig. 1(d) , which shows the Raman signatures of the Ge/Si sample (top) and the pure Ge sample (bottom). In agreement with previous studies, 16, [21] [22] [23] the optical vibration modes observed after spectral deconvolution are assigned to the Ge-Ge chains containing Si impurities (peak 1, around 290 cm À1 ), pure Ge-Ge phonon (peak 2, around 295 cm ), and Ge-Ge two-phonon mode (peak 6, around 580 cm
À1
). The peak observed at 521 cm À1 (peak 5) corresponds to the TO phonon mode of the Si (001) substrate. Its wavenumber is similar in the two studied samples. This mode contributes to the spectral signature of each system because the penetration depth of the Raman probe is around 1.5 lm, 24 which is quite larger than the thickness of the thermally grown SiO 2 layer, between 150 and 200 nm. As expected, in nanocluster systems due to quantum confinement effects, 24-26 peaks 2 and 3 are redshifted by $2-5 cm À1 with respect to their positions measured in bulk materials. The greater redshift of 30 cm À1 reported for the wavenumber of peak 4 with respect to the position of peak 5 (521 cm
) is due to the additional contribution of isotopic effects, 27, 28 which means that most of the Si-ncs nucleated in the Ge/Si sample contain 30 Si- 30 Si chemical bonds. The size distribution of the nanocrystals as measured by TEM in each sample region is presented for Ge/Si and Ge samples, in Figs. 2(a), 2(c) , and 2(e) and 2(b), 2(d), and 2(f), respectively. In the pure Ge sample, larger nanoclusters generally form in the sample regions where the local concentration of implanted Ge is highest. Such a feature is consistent with Ge-ncs synthesized at higher ion implantation doses 24, 29 although this increase in the size can also strongly depend on the annealing temperature and the presence of chemical dangling bonds inside the silicon oxide matrix. 9, 17, 18, 21 The average diameters (D) and size-dispersions (r) of the nanoclusters measured by TEM in Ge/Si and Ge samples are reported in Fig. 2 in each observation zone. Our statistical analyses were conducted on 100-200 nanoscaled objects, spatially distributed inside rectangular parallelepipeds having a constant thickness of $10 nm, with base areas of 300 Â 50 nm 2 (for zone A), 300 Â 70 nm 2 (zone B), and 300 Â 100 nm 2 (zone C). The vertical bars reported on the top of each histogram refer to the accuracy of the nanoparticle size measurements, which is þ/À0.25 nm for the Ge sample and þ/À0.50 nm for the Ge/Si sample. The data shown in Fig. 2 indicate that except in zone C, where the very low concentration of co-implanted Si in the Ge/Si sample makes this region comparable to that of the Ge sample, both the size and the size-dispersion of the nanoparticles formed in regions A and B are significantly reduced in the presence of co-implanted Si. As already mentioned, [15] [16] [17] [18] this results from a strong decrease in the Ge thermal diffusion coefficient in Si-implanted or Si-enriched SiO 2 . Using the relationship established by Maeda, who determined that the average size of Ge-ncs varies as the cubic root of the diffusion coefficient, 30 the reduction in the nanoparticle dimension reported in the Ge/Si sample could be associated with a reduction of the Ge thermal diffusion by up to 75% in zone A and more than 95% in zone B. Such features mean that only several percent of excess Si inside silicon oxide are sufficient to block the Ge diffusion. These values are quantitatively consistent with the increase in retained Ge atoms that have been previously measured in Ge/Si coimplanted systems, 15, 16 and silicon oxide films containing a greater concentration of Si dangling bonds. 18 The critical effect induced by co-implanted Si on the nanoparticle dimensions raises some important questions regarding the structure and chemical composition of the formed clusters. As presented in Fig. 3 , high-resolution TEM imaging was conducted in each sample region to shed light on the microstructure of the formed nanoclusters. The average distances measured between the observed atomic planes, identified as interplanar {111} spacings, 14 are reported in each micrograph. In agreement with Figs. 1(a) and 1(b) and  2(a)-2(d) , the size and crystallinity of the nanoparticles formed in regions A and B [Figs. 3(a)-3(d) ] are found to be quite smaller and more disordered in the Ge/Si sample than in the Ge sample. In the pure Ge sample, the formed nanoparticles are very similar to the Ge-ncs observed in SiO 2 /Si systems implanted at an equivalent Ge concentration and annealed at 1100 C for 1 h. The formation of dislocations, stacking faults, and point defects inside the observed Ge-ncs can be attributed to the coalescence of small nanoclusters into larger aggregates as well as volume expansion effects. 31 The d-spacing between each atom plane is also $2%-3% smaller in SiO 2 sublayers where Si ions have been co-implanted [ Figs. 3(a) and 3(c) ]. On the other hand, no significant variation regarding the size and inner atomic ordering of the nanoclusters located in zone C was observed between the two studied samples [Figs. 3(e) and 3(f) ], as expected for host matrices into which only a small amount of or no co-implanted Si ions have penetrated [ Fig. 1(c) ]. These results are consistent with the predominant formation of Ge/ Si nano-alloys (Ge/Si-ncs) in regions A and B of the Ge/Si sample and the principal formation of pure Ge-ncs in region C. 17, 32, 33 Hence, the decrease in the lattice parameter that is measured in the Ge/Si sample is consistent with higher rates of formation of Ge-Si and Si-Si chemical bonds, whose interatomic distance is $3% smaller than that for Ge-Ge. 34 Since the displacement of implanted Si during thermal annealing is less than a few nanometers, 10 we also stipulate that the Raman signature of Si-Si chemical bonds observed in Fig.  1(d) (peak 4) originates from Si-ncs located in regions A and B of the Ge/Si sample. The presence of a compressive mechanical stress exerted by the surrounding SiO 2 matrix on the formed nanocrystals, 14, 32, 35 as well as its release for Gencs containing Si, 33 makes the use of Vegard's laws irrelevant to determine the relative concentration of Ge/Si from the lattice parameters given in Fig. 3 . 34 Nevertheless, using the SRIM depth-profiles reported in Fig. 1(c) and the Raman measurements displayed in Fig. 1(d) , we infer that the Si content inside the Ge/Si nanoclusters shown in Figs. 3(a) and 3(c) exceeds 50%.
After demonstrating that the co-implanted Si can be used to create a thermal diffusion barrier for Ge and reduce the size of the formed Ge and Ge/Si nanoclusters, we exploited this technique to produce nanoparticles of specific dimensions, selectively distributed within a commercial SiO 2 thin film of 350 nm thickness and thermally grown by wet oxidation. In these experiments, one first silicon co-implantation was performed at an ion dose of 6 Â 10 16 Si þ /cm 2 and an energy of 170 keV, followed by an implantation of Ge at an ion dose of 8 Â 10 16 Ge þ /cm 2 and an energy of 230 keV, and a second coimplantation of Si at an ion dose of 6 Â 10 16 Si þ /cm 2 and an energy of 35 keV. This sample is then annealed for 1 h at 1100
C and compared to a sample only implanted with Ge annealed in the same conditions. The projected ranges of Si ions estimated by SRIM-TRIM for acceleration voltages of 35 and 170kV are determined to be around 50 and 230nm, respectively. 20 For the Ge implantation at 230 keV, the Ge distribution is centered with respect to an averaged depth of $170 nm. The implantation parameters chosen in these experiments were set to generate a variation of the Si concentration inside the implanted SiO 2 layer, in order to monitor both the thermal diffusion of Ge towards the sample surface and the Ge in-depth diffusion. and the sample implanted with Ge and doubly co-implanted with Si, before and after annealing. The light blue areas in both the sides of the implanted Ge distribution denote sample regions where Si ions have been introduced. After thermal treatment, while Ge is found to diffuse simultaneously towards the sample surface and the SiO 2 /Si interface in the pure Ge sample, its depth-distribution remained practically unchanged in the sample doubly co-implanted with Si. We infer that such a feature results from the blocking of diffusing Ge by the two Si diffusion barriers, located between 20 and 100 nm and 180-250 nm depths, respectively.
The doubly co-implanted sample was also characterized by TEM after annealing. The micrograph shown in 
IV. CONCLUSIONS AND PERSPECTIVES
We investigated both the size and the crystallinity of Ge and Ge/Si nanoclusters synthesized by Ge þ and Si þ ion implantation into SiO 2 . Our work highlights the reduction of the Ge thermal diffusion inside SiO 2 sublayers co-implanted with Si, which can be used to control the size of the formed nanoclusters. Si-enriched regions were found to act as diffusion barriers for Ge atoms and prevent Ge desorption during thermal annealing conducted at 1100 C. It is found that the nanocrystals formed in the sample region co-implanted with Si are smaller and contain a greater concentration of structural defects, due to the presence of Si impurities inside Gencs and the formation of Ge/Si nanoclusters. The Si co-implantation technique can be implemented to achieve stacked nanostructured Ge-based systems, selectively depthdistributed as a function of their sizes inside single SiO 2 monolayers. These new advanced devices can be used for applications in photonics and photovoltaics, where the development of monolithically integrated systems allows the fabrication of more compact and high performance devices. 
